exciting approach to combat this global threat.
The mucosal surface of the lung is constantly exposed to invasive microbial pathogens that have the potential to cause pneumonia in susceptible hosts. When these agents overwhelm host defense, invasion of microbes results in pneumonia. Some common bacterial agents that cause pneumonia are Streptococcus pneumoniae, group A Streptococcus, Klebsiella pneumoniae, Staphylococcus aureus, Mycoplasma pneumoniae, and Pseudomonas aeruginosa. Viral agents that cause pneumonia are influenza virus, respiratory syncytial virus (RSV), and severe acute respiratory syndrome corona virus (SARS-CoV). Fungi, such as Aspergillus fumigatus, Cryptococcus neoformans, and Paracoccidioides brasiliensis, can also cause pneumonia, particularly in immunocompromised individuals. An effective early immune response in the lower respiratory tract is crucial for a successful elimination of microbes. Cells of the innate immune system possess germline-encoded pattern-recognition receptors that can sense conserved microbial molecules referred to as pathogen-associated molecular patterns (PAMPs) and set off a cascade of immune responses (3) . Among pattern-recognition receptors, nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) are unique cytosolic receptors, which constantly patrol for invading pathogens in cytoplasm. The review has been divided to describe inflammasome assembly and activation and their role in acute pneumonia.
Inflammasomes
An inflammasome consists of a selfoligomerizing scaffold of proteins that includes NLRs, typically with leucine-rich repeats (LRRs), and the adaptor molecule known as apoptosis-associated speck-like protein (ASC), which contains a caspase activation and recruitment domain (CARD) and recruits procaspase-1, leading to its activation. NLRs have a tripartite structure consisting of a conserved central domain called the nucleotide-binding and oligomerization domain (NBD or NOD), a COOH-terminal LRR domain, and an N-terminal protein-protein interaction domain. Activation of certain NLR family containing CARD domain (NLRC) and NLR family containing pyrin domain (NLRP) family members, such as the NLRC4, NLRP3, NLRP1, and possibly NLRP12, leads to formation of caspase-1-containing inflammasomes. The inflammasomes involved in pulmonary host defense against infections are listed in Table 1 . On sensing a stimulus, the NLR member (depending on the inflammasome type) and ASC undergo multimerization followed by recruitment of procaspase-1 to ASC through a CARD-CARD interaction. This process leads to autocleavage of Figure 1 . Overview of the mechanisms of activation of various nucleotide-binding and oligomerization domain (NOD)-like receptors (NLR) and non-NLR inflammasomes in response to microbes, resulting in an inflammatory response via secretion of activated proinflammatory cytokines and pyroptosis. Steps in inflammasome activation: 1) Priming step involving factors such as Toll-like receptors (TLRs), NOD1, and NOD2; 2) inflammasome activation step. Mechanisms for activation of NLRP3 inflammasome: a) K 1 efflux, b) lysosomal rupture, and c) mitochondrial reactive oxygen species (ROS) generation. A. fumigatus = Aspergillus fumigatus; AIM2 = absent in melanoma 2; ASC = apoptosis-associated speck-like protein; BIR = baculovirus inhibitor of apoptosis protein; B. pseudomallei = Burkholderia pseudomallei; CARD = caspase recruitment domain; C. neoformans = Cryptococcus neoformans; E. coli = Escherichia coli; FIIND = function to find domain; F. tularensis = Francisella tularensis; HIN200 = hematopoietic expression, interferon-inducible nature, and nuclear localization domain 200; K. pneumoniae = Klebsiella pneumoniae; L. monocytogenes = Listeria monocytogenes; L. pneumophila = Legionella pneumophila; LRR = leucine-rich repeat; M. catarrhalis = Moraxella catarrhalis; MDP = muramyl dipeptide; M. tuberculosis = Mycobacterium tuberculosis; NACHT = NAIP, CIITA (class II major histocompatibility complex transactivator), HET-E (incompatibility locus protein from Podospora anserine), and TP1 (mammalian telomerase-associated protein 1); NAIP = NLR family apoptosis inhibitory protein; NF-kB = nuclear factor-kB; P. aeruginosa = Pseudomonas aeruginosa; P. brasiliensis = Paracoccidioides brasiliensis; PYD = pyrin domain; RIP2 = receptor-interacting serine/threonineprotein kinase 2; S. aureus = Staphylococcus aureus; S. pneumoniae = Streptococcus pneumoniae; SS = secretion system; Y. pestis = Yersinia pestis. mechanism of action are described in Figure 1 . This two-step sequence for activation of mature proinflammatory cytokines serves as a safety mechanism preventing uncontrolled activation and secretion of cytokines, which could lead to severe tissue and organ injury in response to microbial infection or to a noninfectious stimulus, such as damageassociated molecular patterns. Although numerous stimuli can induce inflammasome activation, the downstream signaling cascades are generally conserved, although the precise molecular and cellular mechanisms involved in inflammasome activation remain elusive.
Role of Inflammasomes in Bacterial Pneumonia
Secondary bacterial infections commonly complicate viral pneumonias and can be caused by diverse bacteria, such as S. pneumoniae, K. pneumoniae, S. aureus, M. pneumoniae, and P. aeruginosa. Bacterial pneumonia can also be manifest subsequent to viral pneumonia. Several inflammasomes are activated during different bacterial infections as part of the innate host immune response. The best characterized inflammasome is NLRP3 (5), which is primarily upregulated in immune and inflammatory cells after infection or inflammatory insult (6) . The NLRP3 inflammasome is known to be activated by three diverse classes of stimuli: 1) invading microbial pathogens and their products, including lipopolysaccharide, muramyl dipeptide, nucleic acids, and pore-forming toxins; 2) endogenous danger signals like extracellular ATP, urate crystals, hyaluronan, and fibrillar amyloid-b; and 3) crystalline environmental pollutants, such as asbestos, silica, alum adjuvant, and ultraviolet irradiation (3, 5, (7) (8) (9) (10) .
The mechanism of NLRP3 inflammasome activation is widely accepted to be a two-step process, with regulation at both the transcriptional and posttranslational levels (11, 12) . The first signal is a priming event induced by TLR/nuclear factor (NF)-kB signaling that induces redistribution of ASC in the cytoplasm and expression of IL-1b and NLRP3 itself (5) . The second signal is triggered by stimuli and leads to the activation of functional NLRP3 through recruitment of ASC and pro-caspase-1 to a cytoplasmic multimeric complex. Given the wide range of stimuli to which this inflammasome responds, multiple mechanisms of NLRP3 activation have been postulated and include K 1 efflux via the purinergic receptor P2X, ligandgated ion channel, 7 (P2X7), generation of mitochondrial reactive oxygen species (ROS), and release of mitochondrial DNA or cardiolipin (9, 13, 14) . Recently, Ca 21 mobilization from the endoplasmic reticulum and extracellular spaces was shown to play an important role in NLRP3 inflammasome activation by orchestrating mitochondrial damage, ROS generation, and release of mtDNA into the cytosol (15) . Furthermore, never in mitosis gene A (NIMA)-related kinase-7 (NEK7), was identified as an NLRP3-binding protein, functioning downstream of K 1 efflux to regulate NLRP3 oligomerization and activation (16) . These emerging mechanisms suggest that NLRP3 activation involves complex molecular processes with multiple activators and regulators in addition to assembly of the core inflammasome machinery.
The NLRP3 inflammasome contributes to host defense against numerous microbial infections (10, (17) (18) (19) , and several pathogenic bacteria in the lung can activate NLRP3. Pneumolysin-activated NLRP3 confers protective immunity in pneumococcal pneumonia by maintaining lung barrier integrity (19) . Similarly, NLRP3 limits bacterial growth in K. pneumoniae pneumonia by enhancing neutrophil recruitment and promoting macrophage necrosis via high-mobility group box 1 (HMGB-1) release (18) . In a murine model of melioidosis, IL-1b and IL-18 processed by NLRP3 were found to provide host protection via regulation of inflammatory cell recruitment into the alveolar spaces (17) . In a subsequent study, NLRP3 deficiency was found to promote bacterial clearance and result in the development of less severe necrotic pneumonia in S. aureus-induced infection (20) . Furthermore, NLRP3 inhibition via P2X7 receptor blockade improved the outcome of lipopolysaccharide-induced acute lung injury (21) .
The NLRP12 protein is predominantly expressed in monocytes/macrophages and granulocytes (22) . NLRP12 is downregulated by TLR agonists like lipopolysaccharide and by microorganisms, including Mycobacterium tuberculosis, resulting in increased secretion of IL-6 (23).
NLRP12 is believed to have a protective role in Yersinia pestis infection by inducing IL-18-mediated IFN-g secretion (24) . Similarly, NLRP12 signaling is important for host survival and bacterial clearance during K. pneumoniae infection, an effect that is mediated through the IL-17A/ CXCL-1 (C-X-C motif chemokine ligand 1) axis (25) . Furthermore, NF-kB signaling, cytokine and chemokine expression, and neutrophil recruitment were all reduced in Nlrp12 2/2 mice (25). Similarly, Nlrp12 macrophages. In addition, they suggested that NLRP12 does not play a role in the assembly of an inflammasome in response to F. tularensis, S. aureus, and P. aeruginosa, as IL-1b and caspase-1 production was not defective in Nlrp12 2/2 mice. Thus, the increased severity of infection in Nlrp12 2/2 mice is at least in part due to defective neutrophil migration and independent of caspase-1 activation (26) .
The expression of NLRC4, a CARD domain-containing protein, is predominantly confined to the hematopoietic compartment (27) . The NLRC4 inflammasome includes NLRC4, ASC, caspase-1, and NLR family apoptosis inhibitory protein (NAIP). The requirement of ASC in this inflammasome is pathogen specific (28, 29) , because the NLRC4 inflammasome has its own CARD domain and therefore can activate caspase-1 without ASC recruitment (30) . ASC may instead modulate NLRC4 activity, possibly through an indirect interaction with NLRC4, as this protein lacks a pyrin domain (PYD) (31 (32) . The NLRC4-NAIP proteins recognize pathogen-derived motifs in a very specific manner, with NLRC4 and NAIP performing complementary roles. NLRC4 recruits caspase-1 via a CARD-CARD interaction, whereas NAIP senses the PAMPs (33). The human genome encodes for only one functional NAIP protein, whereas there are four paralogs in mice (34) . Mouse NAIP1 and NAIP2 bind to needle and rod proteins of the type III secretion system, whereas NAIP5 and NAIP6 bind to flagellin. The human NAIP recognizes type III secretion system needles as well as type IV secretion system-associated flagellin; however, it does not bind to type III secretion system rod proteins (35) .
Several studies have documented the activation of NLRC4 in the presence of type III and type IV secretions involving the injection of needles and formation of pores in host cell membranes causing translocation of virulence factors such as flagellin and rods. These effects are observed in P. aeruginosa, Legionella pneumophila, Burkholderia pseudomallei, and Escherichia coli infections in mice (28, (35) (36) (37) (38) (39) . Furthermore, the mechanism of recognition and activation appears to be different for different pathogens. For example, flagellin from Pseudomonas is recognized by NLRC4, whereas flagellin from L. pneumophila is sensed by NAIP5 (29, 31, 36, 40) . However, recent studies have shown that nonflagellated strains of P. aeruginosa can also activate NLRC4 (41) . We have also demonstrated the activation of NLRC4 by nonflagellated, gram-negative K. pneumoniae (42) . These studies indicate that NLRC4 can recognize unidentified ligands other than flagellin. Furthermore, NLRC4 has been shown to provide protective immunity in murine models of lung infection with K. pneumoniae, B. pseudomallei, and L. pneumophila by limiting bacterial colonization in the lungs and dissemination to extrapulmonary organs (17, 35, 40, 42) . However, in a separate study, mice deficient for Nlrc4 exhibited improved survival compared with wild-type mice after P. aeruginosa infection due to attenuated lung injury (43) .
The IFN-inducible, HIN200 (hematopoietic expression, interferoninducible nature, and nuclear localization domain 200) and PYD domain-containing protein, AIM2, is localized in the cytoplasm. Although not a member of the NLR protein family, AIM2 forms an inflammasome in response to intracytoplasmic, double-stranded DNA from a variety of microbial species as well as mammalian cells or even the host DNA itself (8, 44, 45) . S. pneumoniae genomic DNA activated AIM2 inflammasome and resulted in activation of caspase-1 and maturation of IL-1b, and IL-18 in macrophages (46) . AIM2 binds directly to DNA and can engage ASC by means of its PYD domain, thereby mediating caspase activation (5). Unlike NLR-based inflammasomes where the central NACHT domain is responsible for oligomerization and scaffold formation, the AIM2 inflammasome binds ligand (doublestranded DNA) via its C-terminal HIN domain, causing clustering of the inflammasome components to the many available binding sites on the DNA. This results in an activated inflammasome that can activate caspase-1 and promote maturation and secretion of proinflammatory cytokines (45, 47) . Hence, AIM2 may play an important role in host defense during F. tularensis infection, which involves pathogen release to cytoplasm after evasion of the phagosome (5, 47) . In another study, it was found that the cytosolic F. tularensis induced a type I IFN response by IRF (interferon regulatory factor)-3-dependent pathway. Furthermore, IFN is critical for inflammasome activation and caspase-1-dependent release of IL-1b and IL-18 (48).
Role of Inflammasomes in Viral Pneumonia
The CDC has declared pneumonia (including influenza infections) as the eighth leading cause of deaths in the U.S. population in 2014 (49) . Next to bacteria, viruses are the most common causative agents of pneumonia. In viral infections, outer mitochondrial membrane proteins, known as mitochondrial antiviral signaling or IPS-1 (interferon-b promoter stimulator)/cardif/VISA (virus-induced signaling adapter) proteins, can activate the NLRP3 inflammasome, resulting in its oligomerization and subsequent activation and downstream signaling. Sendai virus infection, for example, is known to induce NLRP3 inflammasome activation via mitochondrial antiviral signaling proteins (50) . In addition, the influenza virus can trigger the innate immune response via Mitofusin 2, promoting the association of NLRP3 and mitochondrial antiviral signaling proteins. Moreover, the influenza virus infection is associated with an increase in expression of all components of the NLRP3 inflammasome (51) . In addition, viral RNA and its nonstructural protein PB1-F2 (translated from an alternative open reading frame in the PB1 gene) are speculated to be involved in inflammasome activation (51, 52) . Furthermore, PB1-F2 can further activate the release of IL-1b by aggregating in phagosomes (52) . In another study, expression of the influenza virus protonspecific ion channel M2 protein in the Golgi activated the NLRP3 inflammasome.
The influenza A virus M2 protein can directly trigger caspase-1 activation by promoting nucleotide transport into the cytosol (53) . Several viruses are associated with ATP and ATP-sensitive K 1 efflux, both of which can activate NLRP3 inflammasomes (5). For example, K 1 efflux associated with the ATP-sensitive channel has been observed in RSV and influenza virus infections (53, 54) . Moreover, it was suggested that cells dying as a result of influenza virus can cause NLRP3 activation by release of ATP (53) . In another study, genomic influenza RNA failed to elicit an inflammasome response in bone marrow-derived macrophages in the absence of ATP (55) . The importance of ATP-related NLRP3 activation in adenovirus infection was demonstrated in macrophage and epithelial cocultures (56) . Furthermore, they also showed that ATP signaling via the P2X 7 receptor is essential for NLRP3 activation in vivo (56) .
Viroporin 2B of human rhinovirus causes activation of NLRP3 and CARD containing NLRC5, resulting in caspase-1 maturation and IL-1b release. Furthermore, this cytotoxic pore-forming protein is believed to control ion channel activity, causing an influx of cytosolic Ca 21 from Golgi and endoplasmic reticulum, resulting in inflammasome activation (57) . Overlapping activation by the same pathogen and similar responses of NLRP3 and NLRC5 on human rhinovirus infection is indicative of a heterogeneous inflammasome or cooperative action between these two inflammasomes (58) . The human RSV acts through its small hydrophobic viroporin, resulting in caspase-1 maturation and IL-1b production. The ion channel activity of the viroporin disrupts the intracellular ion balance, activating the NLRP3 inflammasome (59) . After infection with RSV, pro-IL-1b synthesis is triggered by the TLR2/MyD88 (myeloid differentiation primary response 88)/NF-kB pathway, and this is accompanied by ROS generation and K 1 efflux, leading to formation of the NLRP3 inflammasome (54) . Both of these signals result in maturation and activation of caspase-1 and release of IL-1b. The small hydrophobic viroporin affects the ion gradient by forming a pore or channel in the plasma membrane, and the subsequent ionic changes cause inflammasome activation (54) . This was confirmed by the failure of inflammasome activation by RSV mutants lacking the small hydrophobic viroporin, viral ion channel-inhibiting drugs, and by lipid raft disruptors (57) .
The small hydrophobic protein of the metapneumovirus was found to act similarly to a viroporin and can affect membrane permeability (60) . In another study in children, Il-1b, Il-18, Nlrp3, and IkBa genes were upregulated in metapneumovirus infection. Moreover, the severity of the disease was associated with upregulated Il-1b and Nlrp3 gene expressions indicating the deleterious effect of NLRP3 inflammasome activation (61) . Adenovirus induces NLRP3 inflammasome activation in macrophages. This was confirmed by the decreased innate immune responses of macrophages from Asc knockout and Nlrp3 knockout mice (62) . Intracellular damagedassociated molecular patterns such as HMGB-1 and ATP that are released by cells because of apoptosis, necrosis, or pyroptosis postinfection can also trigger NLRP3 activation (63) . Adenovirus infection was found to trigger NLRP3 activation via the purinergic receptor P2X7 via ATP-mediated signaling (56) , and endosomal rupture was also found to activate the NLRP3 inflammasome response (64) . Moreover, deletion of the P2X7 gene resulted in higher survival rates in mice, suggesting that the excessive activation of the NLRP3 inflammasome can be damaging in adenovirus infection (56) . NLRC5 possesses a similar structure to other NLR family members with a central NACHT domain and also has the longest chain of LRRs at the COOH terminus among all human NLRs. However, opinion is divided with respect to the role of the effector domain at this molecule's N-terminus. NLRC5 was reported to adopt a death domain fold without homology to CARD or PYD domains (65) , and Kuenzel and colleagues (66) have reported that it does possess a CARD domain at the N-terminus. Moreover, Davis and colleagues (58) have shown the activation of an inflammasome with NLRP3 cooperation with procaspase-1, pro-IL-1b, and ASC in primary human monocytes. On infection with the human rhinovirus, there is colocalization of NLRC5 and the 2B viroporin in the Golgi. Furthermore, NLRC5 complexed with ASC interacts with NLRP3, resulting in inflammasome formation and innate immune response, such as elevated IL-1b release (57) . NLRC5 was also shown to be activated by RNA signatures of Sendai virus and poly(I:C) in THP-1 (leukemic monocyte) cell lines and was found to regulate the type I IFN pathway via IRF-3 and the early-phase chemokine, RANTES (regulated upon activation, normal T-cell expressed and secreted) (CCL5) (65) .
A novel coronavirus, SARS-CoV, causes severe acute respiratory syndrome (SARS), which is characterized by severe pneumonia. Although the mechanism of inflammasome activation by SARS-CoV infection is unclear, it is associated with the excessive release of proinflammatory cytokines, including IFN-g, IL-6, MCP-1 (monocyte chemoattractant protein-1), IL-18, and IL-1b in the blood, lungs, and lymph nodes (67, 68) . Pediatric cases of SARS were also associated with elevated IL-1b and IL-18, indicating inflammasome activation and caspase-1 maturation (69). A possible mechanism for inflammasome activation by SARS-CoV is through its E protein, which is classified as a viroporin because it forms ion-conductive pores in planar lipid bilayers (in vitro) and localizes in the endoplasmic reticulum-Golgi intermediate compartment (in vivo 
Role of Inflammasomes in Fungal Pneumonia
Fungal infections can be a serious threat, especially to immunocompromised patients (74, 75) . The role of the NLRP3 inflammasome in host defense against various fungal infections has been widely explored. However, the roles of other inflammasomes, especially NLRP6, NLRP12, and NLRC4, remain poorly understood. A. fumigatus, a common cause of fungal infections, leads to life-threatening conditions in immunocompromised individuals, notably organ transplant patients. The hyphal fragments of A. fumigatus cause NLRP3 inflammasome activation and subsequent IL-1b processing in human monocyte cell lines, both of which require Syk tyrosine kinase activity (76) . Karki and colleagues (77) have demonstrated crucial collaborative roles of NLRP3 and AIM2 inflammasome in A. fumigatus infection using an immunocompromised mouse model. Mice lacking both NLRP3 and AIM2 were highly susceptible to pulmonary A. fumigatus infections when compared with wild-type mice, whereas mice deficient in either inflammasome exhibited a phenotype similar to wild-type mice. Moreover, NLRP3-and AIM2-mediated IL-1b and IL-18 secretion was found to be essential to confer protection against A. fumigatus in an immunocompromised mouse model (77) . However, a separate study using Nlrp3-deficient mice demonstrated increased host protection and reduced fungal load in the lungs after infection. Intriguingly, when infected with a higher inoculum of the fungus, Nlrp3 2/2 mice were more susceptible than wild-type mice to A. fumigatus (78) . This apparent discrepancy could be explained by differences in the doses of fungus used in the study.
C. neoformans is another opportunistic fungal pathogen that infects immunocompromised patients. Studies using mouse models and human macrophages have shown that the NLRP3 inflammasome is activated in response to acapsular C. neoformans infection. In mouse dendritic cells, secretion of IL-1b in response to C. neoformans requires NLRP3 activation and not NLRC4 or AIM2 inflammasomes. In an in vivo setting, adequate neutrophil recruitment and fungal clearance from lungs depend on NLRP3 activation (79) . However, a separate study by the same group showed that internalized encapsulated C. neoformans can also activate both canonical caspase-1 and noncanonical caspase-8 inflammasome in mouse dendritic cells (74) .
P. brasiliensis causes systemic granulomatous mycosis, which is endemic in certain countries of Latin America such as Brazil, Argentina, Venezuela, and Colombia (80, 81) . The NLRP3 inflammasome contributes to host defense against P. brasiliensis by enhancing IL-18-mediated immune signaling (80) and by activating IL-1b for controlling infection (81) .
Dysregulated Inflammasome Activation and Its Regulation
Inflammasome activation is critical for containment of pathogens. However, its uncontrolled activation, overriding the host regulatory mechanisms, can drive pathologic inflammatory responses leading to extensive host tissue damage. For example, S. aureus a-hemolysin-induced NLRP3 activation has been shown to have a deleterious role in pneumonia. Mice deficient in Nlrp3 displayed reduced lung pathologies that were associated with decreased neutrophil recruitment in the lungs (20) . Although this study does not identify the precise mechanism of NLRP3-mediated lung pathologies, it implicates the ability of S. aureus-induced necroptosis to damage pulmonary architecture to facilitate phagocyte recruitment and subsequent bacterial dissemination. Similarly, mice deficient in Nlrc4 displayed enhanced bacterial clearance and decreased lung pathology (43) . Moreover, functional type III secretion system from P. aeruginosa triggers NLRC4 inflammasome activation, and the subsequent IL-18 production was shown to drive excessive neutrophil recruitment and repress IL-17-mediated antimicrobial peptide expression. Furthermore, deletion of Nlrp3 or administration of anakinra (IL-1Ra) improved the outcomes of A. fumigatus or P. aeruginosa infections, as evidenced by attenuated inflammation and tissue damage in a mouse model (78) . Deletion of the P2X 7 R gene was shown to improve survival rates of mice with adenovirus infection, suggesting that excessive activation of the inflammasome was responsible for the fatality observed in wildtype mice and acute respiratory distress syndrome associated with adenovirus infections (56) . However, the histopathology of the lungs in P2X7R knockout mice was not different from those of the wild-type mice. These results suggest that their survival advantage could be related to attenuated host responses rather than the tissue damage caused by adenovirus. In another study in children with metapneumovirus infections, the severity of the disease was associated with upregulation of Il-1b and Nlrp3 mRNA transcripts, thus demonstrating the deleterious effect of overzealous inflammasome activation (61) .
An efficient inflammasome-mediated host response would eventually subside. Therefore, the host regulatory mechanisms are critical to control the checkpoints of inflammasome activation. A classic example is the two-step activation of NLRP3 inflammasomes. The TLR-mediated first signal inducing NLRP3 transcription and distribution is critical before the second signal directly triggers their full activation.
Similarly, several host CARD-only and PYD-only proteins regulate inflammasome activation as they decoy domain interactions to prevent recruitment of pro-caspase-1 and ASC to inflammasome complex, respectively (82) . Different ASC variants generated through alternate splicing have distinct abilities to regulate inflammasome assembly and activation (83) . Furthermore, NLRP10, an NLR lacking LRRs, negatively regulates inflammasome activation by inhibiting aggregation of ASC (84) . In addition, mir-223 binds to the 39 untranslated region of NLRP3 to suppress its expression at the translational level (85) . Autophagy also limits NRLP3 inflammasome activation as it removes damaged mitochondria that can release excessive ROS and DNA into the cytoplasm (86) . Similarly, deletion of autophagy-related protein 16-like 1, LC3B (structural protein of autophagosomal membranes), and beclin-1 promoted formation of NLRP3 assembly and subsequent IL-1b production to numerous stimuli (87, 88) . Recently, identification of NEK7 as an NLRP3-binding protein that regulates NLRP3 oligomerization and activation (89) indicates that host regulatory mechanisms act at different signal transduction steps to limit uncontrolled inflammasome activation.
Conclusions
Pneumonia has emerged as a major cause of mortality globally, particularly of young children. Although the importance of inflammasomes in bacterial, viral, and fungal pneumonia is evident, much still remains to be learned, as new inflammasomes, their ligands, and downstream signaling cascades are constantly being discovered. It is important to note that although there is variation in the activation of inflammasomes by either bacterial or viral or fungal pathogens, the subsequent downstream signaling pathways are similar. Although the roles of several inflammasomes, including NLRP3, NLRP12, and NLRC4, as well as AIM2, have been established in the context of lung, including pneumonia, the exact role of other inflammasomes, such as NLRC5, NLRP6, and NLRP10, in pulmonary diseases remain elusive. Moreover, there is little or no information regarding the role of inflammasomes in the pathogenesis of disease by respiratory pathogens, such as Moraxella catarrhalis, SARS-CoV, metapneumovirus, hantavirus, parainfluenza virus, and Pneumocystis jirovecii. Understanding the interactions between different inflammasomes during the innate immune response is essential for identifying how immune sensors are stimulated by ligands and, ultimately, for development of therapies to attenuate excessive tissue damage. Molecular and cellular studies investigating crosstalk between TLRs and inflammasomes, and the spatial association of inflammasomes with intracellular adaptors, are needed for a more complete understanding of how host responses are integrated between immune sensors and how these sensors bridge innate and adaptive responses. The translational relevance of inflammasome research is most evident in the novel therapeutic targets it has identified. In this context, the importance of molecules downstream of inflammasomes, including caspase-1, IL-1b, and IL-1 receptor antagonists have been assessed in animal models to determine their potential as targets for combating deleterious inflammasome-mediated tissue damage. The challenge for the immediate future will be to apply our current understanding of inflammasomes to reduce tissue damage caused by excessive and unregulated inflammation using specific therapies in response to infections in both acute and chronic settings. n
